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The barley pan-genome reveals the hidden 
legacy of mutation breeding
Murukarthick Jayakodi1,20, Sudharsan Padmarasu1,20, Georg Haberer2,  
Venkata Suresh Bonthala2, Heidrun Gundlach2, Cécile Monat1, Thomas Lux2, Nadia Kamal2, 
Daniel Lang2, Axel Himmelbach1, Jennifer Ens3, Xiao-Qi Zhang4, Tefera T. Angessa4, 
Gaofeng Zhou4,5, Cong Tan4, Camilla Hill4, Penghao Wang4, Miriam Schreiber6,  
Lori B. Boston7, Christopher Plott7, Jerry Jenkins7, Yu Guo1, Anne Fiebig1, Hikmet Budak8, 
Dongdong Xu9, Jing Zhang9, Chunchao Wang9, Jane Grimwood7, Jeremy Schmutz7, 
Ganggang Guo9, Guoping Zhang10, Keiichi Mochida11,12,13, Takashi Hirayama13, Kazuhiro Sato13, 
Kenneth J. Chalmers14, Peter Langridge14, Robbie Waugh6,14,15, Curtis J. Pozniak3, Uwe Scholz1, 
Klaus F. X. Mayer2,16, Manuel Spannagl2, Chengdao Li4,5,17 ✉, Martin Mascher1,18 ✉ & Nils Stein1,19 ✉
Genetic diversity is key to crop improvement. Owing to pervasive genomic structural 
variation, a single reference genome assembly cannot capture the full complement of 
sequence diversity of a crop species (known as the ‘pan-genome’1). Multiple 
high-quality sequence assemblies are an indispensable component of a pan-genome 
infrastructure. Barley (Hordeum vulgare L.) is an important cereal crop with a long 
history of cultivation that is adapted to a wide range of agro-climatic conditions2. Here 
we report the construction of chromosome-scale sequence assemblies for the 
genotypes of 20 varieties of barley—comprising landraces, cultivars and a wild 
barley—that were selected as representatives of global barley diversity. We catalogued 
genomic presence/absence variants and explored the use of structural variants for 
quantitative genetic analysis through whole-genome shotgun sequencing of 
300 gene bank accessions. We discovered abundant large inversion polymorphisms 
and analysed in detail two inversions that are frequently found in current elite barley 
germplasm; one is probably the product of mutation breeding and the other is tightly 
linked to a locus that is involved in the expansion of geographical range. This 
first-generation barley pan-genome makes previously hidden genetic variation 
accessible to genetic studies and breeding.
A staple food of ancient civilizations, today barley is used mainly for 
animal feed and malting. Barley is more adaptable to harsh environ-
mental conditions than its close relative wheat, and maintains an impor-
tant role in human nutrition in harsh climatic regions that include 
the Ethiopian and Tibetan highlands2. As in other crops, genomics 
has been a major driver of progress in barley genetics and breeding 
in the past decade3. The first draft reference genome for barley4, and 
its subsequent revisions5,6, have formed the basis for gene isolation7, 
compiling a single-nucleotide polymorphism (SNP) variation atlas 
for wild and domesticated germplasm8, and activating plant genetic 
resources9. At the same time, reduced-representation surveys of struc-
tural variation10 and map-based cloning11 have implicated variation 
in gene content and copy number in the control of agronomic traits. 
The concept of the pan-genome refers to a species-wide catalogue 
of genic presence/absence variation (PAV)12, or more generally, 
structural variation that affects (potentially non-coding) sequences 
of 50 or more base pairs (bp) in size. Although several methods of 
pan-genomic analysis that use short-read sequence data in the con-
text of a single reference genome have been devised13, large and com-
plex genomes require multiple high-quality sequence assemblies to 
capture and contextualize sequences that are absent in—or highly 
diverged from—a single reference genotype14. Progress in sequenc-
ing and genome mapping technologies has only recently made pos-
sible the fast and cost-effective assembly of tens of genotypes of 
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large-genome plant species, such as barley (haploid genome size of 
5 Gb)15.
Twenty barley reference genomes
The starting point for pan-genomics in barley was the comprehensive 
survey of species-wide diversity on the basis of the genome-wide geno-
typing of more than 22,000 barley accessions, mainly from the German 
national gene bank9. To achieve a good representation of major barley 
gene pools, we selected accessions that were located in the branches 
of the first six principal components from the previously published 
principal component analysis (PCA)9 (Fig. 1a, Extended Data Fig. 1), 
reflecting the key determinants of population structure: geographical 
origin, row type and annual growth habit. In addition to these gene pool 
representatives, our panel included the reference cultivar Morex5, two 
current or former elite malting varieties (RGT Planet and Hockett), two 
founder lines of Chinese barley breeding (ZDM01467 and ZDM02064), 
Golden Promise and Igri (two genotypes with high transformation 
efficiency16,17), Barke (a successful German variety and the parent of 
several mutant and mapping populations18,19) and one wild barley 
(H. vulgare subsp. spontaneum (K. Koch) Thell.) genotype from Israel 
(B1K-04-12, a desert ecotype collected at Ein Prat)20.
We constructed chromosome-scale sequence assemblies for 
20  accessions (Extended Data Table  1). In brief, paired-end and 
mate-pair Illumina short reads were assembled into scaffolds of 
megabase (Mb)-scale contiguity (Extended Data Table 1). Scaffold 
assembly was done with Minia21 and SOAPDenovo22 following the TRI-
TEX method6 (n = 16), DeNovoMagic from NRGene (n = 3) or W2rap23 
(n = 1). We used 10X Genomics Chromium linked-reads and chromo-
some conformation capture (Hi-C) data to arrange scaffolds into chro-
mosomal pseudomolecules using the TRITEX pipeline6 (Extended Data 
Table 1). A comparison of the short-read assembly of the Morex cultivar 
to a long-read assembly of this genotype generated from PacBio long 
reads showed high co-linearity at chromosomal scale, good concord-
ance in gene space representation and similar power to detect PAV 
(Extended Data Fig. 2), indicating that short-read assemblies are ame-
nable to pan-genomic analyses in barley. Although the assemblies of 
the 20 diverse accessions differed in contiguity and the extent of gap 
sequence in the intergenic space, they had a similar representation of 
reference gene models (Morex V2) and were highly co-linear to each 
other at the whole-chromosome scale (Fig. 1b, Extended Data Fig. 3). 
A similar proportion (about 80%) of the assembled sequence of each 
genotype was composed of transposable elements, with an average of 
113,200 intact full-length long-terminal repeat retro-elements (LTRs) 
per assembly (Supplementary Table 1). However, we found pronounced 
differences in the number of shared intact full-length LTR locations: 
only 17 to 25% of full-length LTR locations present in the wild barley 
B1K-04-12 were shared at 98% sequence identity and 98% alignment 
coverage with any domesticated genotype (Extended Data Fig. 4). By 
contrast, more closely related domesticated genotypes shared between 
53% and 67% of their full-length LTRs, consistent with previous reports 
of rapid sequence turn-over in the non-coding space in large-genome 
plant species24,25.
De novo gene annotation using Illumina RNA sequencing and PacBio 
Iso-Seq data (Supplementary Table 2) was performed for three geno-
types: Morex (which has previously been reported6), Barke and the Ethio-
pian landrace HOR 10350 (Extended Data Fig. 5). Gene models defined 
on the basis of these three assemblies were consolidated and projected 
onto the remaining 17 assemblies (Extended Data Fig. 5). Between 35,859 
and 40,044 gene models were annotated by projection in each assem-
bly (Extended Data Table 1) with an average of 37,515 (s.d. = 896). The 
number of gene models was about 20% higher in the projections than in 
de novo annotations (Extended Data Fig. 5e), which indicates that some 
of the models lack transcript support: possible explanations for the 
discrepancy are highly tissue-specific expression or pseudogenization. 
The clustering of orthologous gene models yielded 40,176 orthologous 
groups. Of these, 21,992 occurred as a single copy in all 20 assemblies; 
3,236 occurred in multiple copies in at least one of the 20 assemblies; 
13,188 were absent from at least one assembly; and 1,760 were present 
in only one assembly. On average, 14.7% of gene models annotated in 
each assembly occurred in tandem arrays that comprised two or more 
adjacent copies. These results point to abundant genic copy-number 
variation between barley genotypes. Future transcriptomic studies will 
ascertain the effect of structural variants on gene expression.
Pan-genome as a tool for genetics and breeding
High-quality genome assemblies are a resource for ascertaining and 
providing context to structural variants, which can then be genotyped in 
a wider set of germplasm using low-coverage or reduced-representation 
sequence data. We used two complementary approaches to detect 
structural variation: assembly comparison and clustering of single-copy 
sequences to derive markers that can be scored in short-read data. We 
used the Assemblytics26 software to discover PAV by pair-wise compari-
son of 19 chromosome-scale assemblies to the Morex reference. We 
identified 1,586,262 PAVs, ranging in size from 50 to 999,568 bp, and 
observed an enrichment for low-frequency variants (Extended Data 
Fig. 6a, b). PAV density was higher in distal, gene-rich regions (Extended 
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Fig. 1 | Chromosome-scale sequences of 20 representative barley 
genotypes reveal large structural variants. a, We selected 20 barley 
genotypes to represent the genetic diversity space, as revealed by PCA of 
genotyping-by-sequencing data of 19,778 domesticated varieties of barley9. 
Principal component (PC)3 and PC4 are shown. The proportion of variance 
explained by the principal components is indicated in the axis labels. Further 
principal components are shown in Extended Data Fig. 1a. b, Alignment of the 
pseudomolecules of chromosome 2H of the Morex and Barke cultivars. The 
inset zooms in on a 10-Mb inversion that is frequently found in germplasm from 
northern Europe. Co-linearity plots for all assemblies and chromosomes are 
shown in Extended Data Fig. 3a.
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Data Fig. 6c), which are characterized by higher nucleotide diversity 
and recombination rates8. A total of 5,446 out of 5,602 deletions longer 
than 5 kilobases (kb) found in Barke relative to Morex were mapped 
genetically in the 90 recombinant inbred lines of the Morex × Barke 
population19 with highly concordant positions (Spearman correla-
tion = 0.99) (Extended Data Fig. 6d), which provides support for the 
accuracy of the detected polymorphisms. At least one member of 18,562 
(46%) groups of orthologous genes overlapped with structural vari-
ants discovered in the 20 sequence assemblies. As observed in other 
plant species27, resistance-gene homologues containing NB-ARC and 
protein kinase domains were frequently found among PAV genes (Sup-
plementary Table 3).
Structural variants cover non-genic regions composed of repetitive 
sequence, making it hard to establish orthologous relationships or 
the presence of specific alleles from short-read data only. To derive 
quantitative estimates of the extent of pan-genomic variation and 
as a tool for genetic analysis such as association scans, we focused 
on single-copy regions extracted from each of the 20 assemblies and 
clustered into a non-redundant set of sequences (hereafter referred to 
as the ‘single-copy pan-genome’) (Extended Data Fig. 7a). The average 
cumulative size of single-copy sequence in each accession was 478 Mb 
(that is, 9.5% of the assembly genome). The total size of non-redundant 
single-copy sequence was 638.6 Mb, represented by 1,472,508 clus-
ters with an N50 of 1,087 bp (Extended Data Fig. 7b). The single-copy 
sequence shared among all 20 genotypes amounted to 402.5 Mb, 
whereas 235.9 Mb were variable (that is, absent or present in higher 
copy number in at least one assembly) (Fig. 2a). On average, each of the 
20 genotypes contained 2.9 Mb of single-copy sequence not present in 
any other assembly. As observed for transposable element divergence, 
the wild barley B1K-04-12 had the highest amount of unique single-copy 
sequence (Extended Data Table 1).
To test the suitability of the single-copy pan-genome for genetic analy-
sis in a wider diversity panel without high-quality genome sequences, 
we collected whole-genome shotgun data (threefold coverage) for 
200 domesticated and 100 wild varieties of barley (Supplementary 
Table 4). The abundance of 160,716 single-copy clusters that overlap 
structural variants was estimated by counting cluster-constituent 
k-mers (k = 31) in sequence reads of the diversity panel. In addition, we 
analysed genotyping-by-sequencing data of 19,778 gene bank accessions 
of domesticated barley9 using the same approach. Abundance estimates 
based on k-mers (hereafter referred to as ‘pan-genome markers’) showed 
that loci detected as single-copy sequence in one genome assembly can 
vary in copy number from zero to many in diverse germplasm (Extended 
Data Fig. 7c). A PCA of pan-genome markers genotyped in whole-genome 
shotgun and genotyping-by-sequencing data highlighted the same driv-
ers of global population structure as SNPs (Extended Data Fig. 7d–g). In 
genome-wide association scans for morphological traits, pan-genome 
markers revealed—with a good signal-to-noise ratio—peaks that are 
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Fig. 2 | Single-copy pan-genome and use of PAVs in association mapping.  
a, Cumulative size of single-copy regions in genome assemblies of 20 barley 
genotypes. The genotypes were ordered according to the size of their unique 
single-copy sequence. b, Genome-wide association scan for lemma adherence 
on the basis of PAV markers. The black and red dots in the Manhattan plot 
denote single-copy sequences that are present and absent in Morex, 
respectively. c, The most highly associated PAV marker was a 16.7-kb region 
that is deleted in the naked accession HOR 7552 and that contains the NUD 
gene11. d, Allelic status of the NUD deletion in 196 domesticated varieties of 
barley. Normalized single-copy k-mer counts within the 16.7-kb region are 
shown for hulled (n = 160 genotypes) and naked varieties (n = 36 genotypes).
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consistent with previous reports9 (Fig. 2b, Extended Data Fig. 8). Nota-
bly, the pan-genome marker that was most highly associated with lemma 
adherence covered the NUDUM (NUD) gene11 (Fig. 2c). All varieties of 
naked barley—in which lemmas can be easily separated from grains—are 
thought to trace back to a single mutational event, deleting the entire 
NUD sequence11. Another putative knockout allele of NUD (nud1.g) that 
contains a likely disruptive SNP variant was recently found in Tibetan 
barley28. All 36 naked accessions in our panel contained the known dele-
tion (Fig. 2d), indicating that broader sampling of barley diversity—with 
a particular focus on centres of (morphological) diversity—is needed 
to discover novel rare alleles by genomic analyses.
Compared to reference-free approaches for k-mer-based 
genome-wide association scans such as AgRenSeq29, trait-associated 
pan-genome markers are assigned with high precision to genomic 
positions, and aligning sequence assemblies in their vicinity provides 
immediate information about differences between haplotypes (Fig. 2c). 
Furthermore, the reduction of marker number by implicit clustering 
of k-mers into single-copy loci allows the use of standard mixed linear 
models30,31 to correct for genomic relatedness.
A map of polymorphic inversions
Chromosome-scale sequence assemblies can reveal large-scale rear-
rangements that are challenging to detect with other methods. Large 
inversions (more than 5 Mb in size) were prominent in the genome 
alignments of our 20 assemblies (Fig. 1b, Extended Data Fig. 3a, c). Previ-
ous reports on segregating inversions in barley are anecdotal and have 
focused on induced mutants32,33. To discover inversions in a broader set 
of germplasm, we mined patterns of contact frequencies in Hi-C data of 
a diversity panel mapped to a single reference genome34. Among 69 bar-
ley genotypes (67 domesticated and 2 wild accessions) (Supplementary 
Table 5), Hi-C-based inversion scans revealed a total of 42 events that 
ranged from 4 to 141 Mb in size (mean size of 23.9 Mb) (Extended Data 
Fig. 9a). Most of these events occurred in the low-recombining peri-
centromeric regions of the barley chromosomes and segregated at low 
frequency: 25 events were observed only once (Extended Data Fig. 9b, c, 
Supplementary Table 6). We focus here on two notable examples: a 
frequent event on chromosome 2H and an inversion in the distal region 
of the long arm of chromosome 7H.
The inversion in chromosome 7H detected in the RGT Planet cultivar 
was the largest event that segregated in our panel (141 Mb) (Fig. 3a). 
In a biparental mapping population derived from a cross between 
RGT Planet and the non-carrier cultivar Hindmarsh (Fig. 3b), this 
event repressed recombination in an interval that spanned 49 cM in 
the genetic map of the Morex × Barke population19, which is isogenic 
for absence of the inversion (Fig. 3c, Supplementary Table 7). We also 
observed a moderately distorted segregation (57% allele frequency, 
χ2 = 4.88, P < 0.05) in favour of the Hindmarsh allele in this interval. 
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Fig. 3 | Identification and characterization of a large inversion on 
chromosome 7H. a, Alignment of the 7H pseudomolecules of the Morex and 
RGT Planet cultivars. b, Alignment of physical and genetic positions mapped in 
the RGT Planet × Hindmarsh (R × H) (left) and Morex × Barke (M × B) (right) 
populations. Red shading marks the inverted region. c, We converted genetic 
distances to recombination rates in the R × H (left) and M × B (right) 
populations. A single marker per recombination block is shown. d, We 
designed a PCR marker (Supplementary Figs. 1, 2a) to screen for the presence of 
the inversion in gene bank accessions that represent the Valticky and Diamant 
cultivars.
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Recombination frequencies were increased in the flanking regions 
of the inversion in the RGT Planet × Hindmarsh population relative to 
Morex × Barke, which suggests a compensatory mechanism to maintain 
an average number of one-to-two crossovers per chromosome in the 
presence of large tracts of suppressed recombination35.
By focusing on the inversion breakpoints in the RGT Planet sequence 
assembly, we designed a diagnostic PCR assay (Supplementary Fig. 2a, 
b, d) to rapidly genotype the presence of the inversion in 1,406 acces-
sions (Supplementary Table 8). The inverted haplotype occurred at 
low frequency (1.3%) in the whole panel, but was found in many lines 
in the RGT Planet pedigree (Supplementary Fig. 3)—including com-
mercially successful barley cultivars of past decades, such as Triumph, 
Quench and Sebastian. The earliest cultivar that carried the inversion 
was Diamant. As one of the donors of the semi-dwarf growth habit, 
Diamant was a highly influential founder line of modern barley breed-
ing and traces back to a mutant induced by gamma irradiation of the 
Czech cultivar Valticky36. We genotyped several gene bank accessions 
and germplasm samples of both Valticky and Diamant. Notably, none 
of the Valticky samples carried the inversion, whereas it segregated 
in the Diamant samples (Fig. 3d). Quantitative trait loci mapping for 
yield-related traits in the RGT Planet × Hindmarsh population did not 
show signals on chromosome 7H (Supplementary Fig. 2e, Supplemen-
tary Table 9), consistent with selective neutrality of the inversion. This 
strongly suggests that mutation breeding in the 1960s has given rise to 
a cryptic large inversion, which—unbeknownst to breeders—segregates 
in elite varieties of barley.
The second inversion we focused on spanned 10 Mb in the interstitial 
region of chromosome 2H (Fig. 1b) and was present in 26 out of 69 Hi-C 
samples (Supplementary Table 8). Local PCA and haplotype analysis in 
our panel of 200 domesticated and 100 wild varieties of barley indicated 
a single origin of the inverted haplotype (Fig. 4a, b, Supplementary 
Fig. 2c). The inversion occurred only among domesticated barley of 
Western geographical origin9, indicating that it arose or has risen to 
high frequency after domestication. The inverted region contains 
46 high-confidence genes in the Morex cultivar. The closest gene to 
the inversion breakpoint—at 448 kb distance from the distal breakpoint 
in the non-carrier Morex—was HvCENTRORADIALIS (HvCEN)37 (Fig. 4c). 
Although induced mutants of HvCEN flower very early, natural variation 
in HvCEN has previously been implicated in environmental adaptation 
to northern European climates37. All of the inversion carriers we ana-
lysed had HvCEN haplotype III, which is associated with later flowering 
in spring barley varieties from northern Europe37,38. Further research is 
required to determine whether the inversion close to HvCEN has direct 
functional consequences (for instance, by modulating HvCEN expres-
sion) or whether it hitchhiked along with a tightly linked causal variant.
Discussion
The digital representation of the pan-genome can expand the repertoire 
of natural or induced sequence variation that is accessible to genetic 
analyses and breeding. Our comparison of 20 chromosome-scale 
sequence assemblies has revealed pervasive variation in genes and 
non-coding regions. Focusing on single-copy sequences, we trans-
lated this variation into scorable markers that are amenable to popu-
lation genetic analysis and association scans. A notable finding was 
the prevalence of large (more than 5 Mb in size) inversion polymor-
phisms in current elite germplasm. It is likely that the suppression 
of genetic recombination in inversion heterozygotes has manifested 
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domesticated barley. The correspondence of PCA coordinates to correlates of 
population structure is shown in Extended Data Fig. 1. Red dots denote carriers 
of the inverted haplotype (n = 87) in a panel of 200 domesticated varieties of 
barley. b, PCA for a diversity panel comprising 200 domesticated (red and 
green dots) and 100 wild varieties of barley (blue dots). SNP markers detected 
in whole-genome shotgun data and located in the inverted regions were used. 
c, Schematic of the inverted region. The HvCEN gene is closest to the 
breakpoint that is distal in Morex (distance of 449 kb) and proximal in Barke 
(distance of 433 kb) assemblies. A total of 46 and 44 high-confidence (HC) 
genes were annotated in the Morex and Barke assemblies, respectively. The 
yellow arrows (not drawn to scale) mark the positions of PCR primers to probe 
for the presence of the inversion (Supplementary Fig. 2c).
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itself in hard-to-explain patterns of long-range linkage and segrega-
tion distortion between elite lines in breeding programmes. Our map 
of inversion polymorphisms will provide breeders with a point of 
reference to avoid—or interpret correctly—crosses between carriers 
and non-carriers. We found abundant structural variation in 20 rep-
resentative barley genotypes, but individual events occurred at low 
frequency (Extended Data Figs. 6, 9). This observation, combined with 
the slow saturation of the single-copy pan-genome (Fig. 2a), moti-
vate the genomic analysis of more genotypes to expand the barley 
pan-genome. The next phase of barley pan-genomics will focus on 
an augmented panel of domesticated and wild germplasm, working 
towards the long-term goal of high-quality genome sequences of all 
barley plant genetic resources as part of a biodigital resource centre39,40.
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Methods
No statistical methods were used to predetermine sample size. The 
experiments were not randomized, and investigators were not blinded 
to allocation during experiments and outcome assessment.
Library preparation, sequencing data generation and genome 
assembly of 20 diverse varieties of barley
High-molecular-weight DNA was extracted from one-week-old seed-
lings of 20 diverse barley accessions given in Supplementary Table 10, 
using a previously described large-scale DNA extraction protocol41. 
For the NRGene DeNovoMAGIC3.0 assemblies, 450-bp paired-end 
(PE450) libraries of Morex, Barke, HOR 10350 and B1K-04-12 were pre-
pared at the Leibniz Institute of Plant Genetics and Crop Plant Research 
(IPK) Gatersleben. The 450-bp paired-end libraries for other acces-
sions, 800-bp paired-end libraries and mate-pair libraries of three 
sizes were prepared and sequenced at the University of Illinois Roy J. 
Carver Biotechnology Center. The 10X Genomics Chromium libraries 
were prepared at the University of Saskatchewan Wheat Molecular 
Breeding Laboratoryand sequenced by Genome Quebec or prepared 
and sequenced at the Roy J. Carver Biotechnology Center, using the 
manufacturers’ recommendations. Published tethered chromosome 
conformation data for Morex, Barke, HOR 10350 and B1K-04-12 (ref. 42) 
was used for scaffolding the respective genome. For the other acces-
sions, in situ Hi-C libraries were prepared using a previously described 
method43. Sequencing data generated from each of the libraries are 
given in Supplementary Table 10. NRGene DeNovoMAGIC3.0 scaffold 
assemblies were provided for Barke, HOR 10350 and B1K-04-12. The 
10X Chromium, population sequencing (POPSEQ) and Hi-C data were 
then used to prepare chromosome-scale assemblies using the TRITEX 
pipeline6 (commit: 7041ff2). For the other assemblies, the TRITEX pipe-
line was also used for contig assembly and scaffolding with mate-pair 
and 10X data (Extended Data Table 1). High-confidence gene models 
annotated on the Morex V2 reference6 and full-length cDNA sequences44 
were aligned to the assemblies to assess gene-space completeness with 
the parameters of ≥90% query coverage and ≥97% (≥90% for full-length 
cDNA) identity.
Tissue collection and RNA extraction
Plant material for the collection of tissues for RNA sequencing 
(RNA-seq) and Iso-Seq was grown in the greenhouse at IPK Gatersle-
ben with day–night temperatures of 21 °C–18 °C. Embryonic tissue, 
leaves, roots, internode, inflorescence (5 mm) and developing seeds (5 
and 15 days after pollination) were collected as previously described4, 
snap-frozen in liquid nitrogen and stored at −80 °C until RNA extrac-
tions were performed. RNA was extracted from the collected tissues 
using a Trizol extraction protocol4 and purified using Qiagen RNeasy 
miniprep columns as per the manufacturer’s instructions. RNA quality 
was checked on Agilent RNA HS screen tape and RNA with RIN value 
greater than 8 was used for RNA-seq and Iso-Seq library construction.
RNA-seq library preparation and data generation
RNA-seq libraries were prepared from purified RNA using the TruSeq 
RNA sample preparation kit (Illumina) as per the manufacturer’s rec-
ommendation at IPK Gatersleben. Libraries were pooled at equimolar 
concentrations, quantified by qPCR and paired-end-sequenced on an 
Illumina HiSeq 2500 for 200 cycles. The data generated for each tissue 
are given in Supplementary Table 2.
Iso-Seq data generation and analysis
Two libraries for each embryonic tissue RNA and pooled RNA from 
seven tissues (described in ‘Tissue collection and RNA extraction’) were 
prepared for Barke and HOR 10350 using the PacBio Iso-Seq protocol. 
In brief, double-stranded RNA was synthesized using SMARTer PCR 
cDNA synthesis kit (Clontech; cat. no. 634925). Two fractions of cDNA 
with different size profiles were prepared by using differing ratios of 
DNA to Ampure XP beads (Beckman Coulter, cat. no. A63882). Equi-
molar concentration of each fraction were pooled, and a minimum of 
one microgram of double-stranded cDNA was used for Iso-Seq library 
construction as per the PacBio library construction protocol. Two 
additional libraries from pooled RNA tissues were prepared using cDNA 
prepared from TeloPrime v.1.0 kit (Lexogen) following the manufac-
turer’s instructions. Libraries were quantified and sequenced on a 
PacBio Sequel device at IPK Gatersleben. Data were analysed using 
SMRTLink v.5.0 Isoseq v.1.0 pipeline or Isoseq3 pipeline (https://github.
com/PacificBiosciences/IsoSeq_SA3nUP/wiki/Tutorial:-Installing-
and-Running-Iso-Seq-3-using-Conda). The steps involved in Iso-Seq 
data analysis were the generation of circular consensus sequences, 
and then the classification of circular consensus sequence reads into 
full-length non-chimeric reads and non-full length reads on the basis 
of the presence of primer sequences and polyA sequences. Full-length 
non-chimeric reads were then clustered on the basis of sequence simi-
larity to yield high- and low-quality isoforms. The data generated and 
method of library preparation are given in Supplementary Table 2.
Gene projections and repeat annotation
Gene models for Morex, Barke and HOR 10350 were predicted using 
transcriptome data (Supplementary Table 2) and protein homology 
evidence, and derived by a previously described annotation pipeline5. 
High-confidence gene models from these accessions were aligned to 
pseudo-chromosomes of each accession separately using blat45. For 
each genomic region identified by blat, additional alignments were 
performed by exonerate46 in its genomic neighbourhood ranging 
between 20 kb upstream and 20 kb downstream of the match posi-
tion. A series of quality criteria was applied to select high-confidence 
gene models in each accession. The functional annotation for genes of 
20 accessions was carried out using the AHRD pipeline v.3.3.3 (https://
github.com/groupschoof/AHRD). Orthologous gene groups between 
the twenty accessions were predicted using OrthoFinder47 v.2.3.1 with 
default parameters.
Repeat annotation
To obtain a consistent transposon annotation across all lines for trans-
posons and tandem repeats, the same methods were applied to all 20 
barley lines. Transposons were detected and classified by homology 
search against the REdat_9.7_Poaceae section of the PGSB transposon 
library48. The program vmatch (http://www.vmatch.de, version 2.3.0) 
was used for that purpose as a fast and efficient matching tool that is 
well-suited for such large and highly repetitive genomes. Vmatch was 
run with the following parameters: identity ≥ 70%, minimal hit length 
75 bp, seed length 12 bp (exact command line: -d -p -l 75 -identity 70 
-seedlength 12 -exdrop 5). To remove overlapping annotations, the 
vmatch output was filtered for redundant hits via a priority-based 
approach. Higher scoring matches were assigned first and lower scoring 
hits at overlapping positions were either shortened or removed if they 
were contained to ≥90% in the overlap or <50 bp of rest length remained. 
The resulting transposon annotations are overlap-free, but disrupted 
elements from nested insertions have not been defragmented into one 
element. Still-intact full-length LTR retrotransposons were identified 
with LTRharvest49, a program that scans the genome for LTR retrotrans-
poson specific structural hallmarks, such as long terminal repeats, RNA 
cognate primer binding sites and target site duplications. LTRharvest 
(included in genometools 1.5.9) was run with the following param-
eter settings: ‘overlaps best -seed 30 -minlenltr 100 -maxlenltr 2000 
-mindistltr 3000 -maxdistltr 25000 -similar 85 -mintsd 4 -maxtsd 20 
-motif tgca -motifmis 1 -vic 60 -xdrop 5 -mat 2 -mis -2 -ins -3 -del -3’. All 
candidates were annotated for PfamA domains using hmmer3 (http://
hmmer.org, version 3.1b2) and filtered to remove false positives. The 
inner domain order served as a criterion for the LTR-retrotransposon 
superfamily classification into either Gypsy or Copia. In the cases of 
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insufficient domain information, the elements were assigned as still 
undetermined.
Most of the transposons insert at random locations leading to novel 
and usually unique sequence stretches at both borders around the 
inserted element and the neighbouring original sequence. The de novo 
detected full-length LTR set provides defined element borders, a pre-
requisite for the exact positioning of transposable element junctions. 
We used 100-bp single transposable element junctions with 50 bp out-
side and 50 bp inside the element from both sides of the element and 
merged them to 200 bp joined junctions per element. Junctions from 
the reverse strand were reverse-complemented. The 200-bp joined 
junctions from all 20 lines were clustered with vmatch dbcluster (http://
www.vmatch.de, version 2.3.0) at 98% identity and 98% mutual length 
coverage (command-line parameters: 98 98 -e 2 -l 98 -d). About 97% 
of the clusters belonged to the 1:1 type with a maximum of 1 mem-
ber per line and were used for the downstream analyses. Using the 
above-described 200-bp joined junctions instead of full sequences 
reduces the amount of data for clustering to 2%, from about 10 kb to 
200 bp per full-length LTR element, thus allowing a sequence cluster-
ing of 2.2 million elements in the first place. By including sequence 
information outside of the element, the repetitiveness of high-copy 
transposable element families is removed and at the same time the 
syntenic context is provided even for elements located on chrUn (that 
is, not assigned to chromosomal pseudomolecules).
PAV detection and validation
Owing to higher sensitivity in detecting deletions over insertions, a 
paired genome alignment strategy was used in which each assembly 
was aligned to reference genome Morex reciprocally by treating Morex 
as a query and reference using Minimap2 (v.2.17)50. From these two 
alignments, insertion and deletions were called using Assemblytics 
(v.1.2.1)26. Then, only deletions were selected in both alignments and 
converted into PAVs with regard to Morex. In addition, a hard filter was 
used to discard PAVs containing more than 5% gaps (Ns) and nested 
PAVs. We used a previously described method51 to map deletions longer 
than 5 kb in Barke relative to Morex using whole-genome shotgun data 
for 90 Morex × Barke recombinant inbred lines19. Mosdepth (v.0.2.9)52 
was used for determining read depth in genomic intervals.
k-mer-based genome-wide association
PAVs overlapping with single copy regions were identified by BedTools 
(v.2.28.0)53. k-mer sequences with step size of 2 bp were retrieved 
from single-copy regions residing within PAVs. The abundances of 
the extracted k-mer sequences were counted in sequence reads using 
BBDuk (BBMap_37.93) (https://sourceforge.net/projects/bbmap/). 
k-mer counts were obtained for whole-genome shotgun data of 
300 diverse varieties of barley generated in the present study and 
previously published genotyping-by-sequencing data9. k-mer counts 
were imported into R (v.3.5.1)54 and normalized for differences in read 
depth between samples. The normalized k-mer counts were then used 
for genome-wide association scans using GAPIT330 and PCA using stand-
ard R functions.
Construction of single-copy pan-genome
To identify single-copy regions in each genome, genomic regions cov-
ered by 31-mers occurring more than once were masked using BBDuk 
(BBMap_37.93)55. Based on masking, single-copy regions in each assem-
bly were obtained in .bed format and subsequently related sequences 
were retrieved using BEDTools (v2.28.0)53. Single-copy sequences from 
all the assemblies were combined to perform an all-against-all blast 
search. The blast results were filtered (>90% identity and minimum 
80% alignment length) and then clustered using the igraph package56. A 
representative from each cluster (the largest contained sequence) was 
selected and used for estimating pan-genome size. Clusters shared by 
all the 20 accessions are referred to as the core genome, and clusters 
with sequences originating from 1 to 19 genotypes are considered as 
the variable genome.
Hi-C library preparation, sequencing and inversion calling
In situ Hi-C libraries were prepared from one-week-old seedlings of 
barley IPK core50 collection9 (Supplementary Table 5) based on a 
previously described protocol43 Sequencing, Hi-C raw data process-
ing and inversion calling were performed as previously described34 
using the MorexV2 reference genome sequence assembly6. The break-
point regions were identified by pairwise genome alignment using 
Minimap2 (v.2.17)50 and PipMaker (http://pipmaker.bx.psu.edu/cgi-bin/
pipmaker?basic)57.
Resequencing, SNP calling and PCA
Raw reads (Supplementary Table 4) were trimmed with cutadapt 
(v.1.15) and aligned to the MorexV2 genome assembly6 using Minimap2 
(v.2.17)50. The alignments were sorted using Novosort (V3.06.05) (http://
www.novocraft.com). BCFtools (v.1.8)58 was used to call SNPs and short 
insertions and deletions (indels). The resulting VCF file was converted 
into Genomic Data Structure (GDS) format using SeqArray package59 in 
R to obtain a SNP matrix. Finally, hard filtering was applied to remove 
SNPs having more than 10% missing data and heterozygosity. Previ-
ously generated genotyping-by-sequencing data9 were aligned to the 
MorexV2 reference and identified SNPs using a previously described 
variant calling pipeline9. PCAs were performed using snpgdsPCA() 
function of the package SNPrelate60.
RGT Planet × Hindmarsh mapping population
A cross was made between RGT Planet (maternal plant) and Hindmarsh 
(pollen donor). In total, 38 F2 plants from the direct cross and 233 indi-
vidual heads from F3 seeds were progressed to the F6 generation by 
single seed descent method. The F6 recombinant inbred lines (RIL) 
(224 in total) were used for construction of a genetic linkage map. 
Genomic DNA was extracted from the leaves of a single plant per RIL 
using the cetyl-trimethyl-ammonium bromide method. DNA qual-
ity was assessed on 1% agarose gels and quantified using a NanoDrop 
spectrophotometer (Thermo Scientific NanoDrop Products). DNA was 
diluted into 50 ng/μl and placed in a 96-well plate for PCR. DArT-seq 
genotyping-by-sequencing was performed using the DArT-seq platform 
(DArT PL) according to the manufacturer’s protocol (https://www.
diversityarrays.com/). In brief, 100 μl of 50 ng μl−1 DNA was sent to 
DArT PL, and genotyping-by-sequencing was performed using com-
plexity reduction followed by sequencing on a HiSeq Illumina plat-
form as previously described61 (Supplementary Table 9). Sequences 
flanking polymorphisms detected by DArT-seq were aligned against 
the MorexV2 genome assembly to determine their physical positions 
(Supplementary Table 7).
Field experiments and phenotypic data
Field experiments were conducted at six sites: Gibson, Western Australia 
(WA, −33.612176, 121.798438); Williams, Western Australia (−33.577668, 
116.734934); Wongan Hills, Western Australia (−30.848953, 116.756461); 
Merredin, Western Australia (−31.487009, 118.229668); South Perth, 
Western Australia (−31.991186, 115.887944); and Shepperton, Victoria 
(−36.487551, 145.388470). The distance between South Perth and Shep-
perton is over 3,300 km. The Merredin site is located inland and receives 
little rainfall, whereas the Gibson site receives a high amount of rainfall: 
the other sites are in between. The experimental design for field trial sites 
was performed as previously described62. In brief, all regional field trials 
(partially replicated design) were planted in a randomized complete 
block design using plots of 1 by 5 m2, laid out in a row–column format 
and the middle 3 m was harvested for grain yield. Field trials in South 
Perth and Shepperton were conducted using double rows with a 40-cm 
distance within and between rows, owing to space constraints. Seven 
control varieties were used for spatial adjustment of the experimental 
data. Measurements were taken at each plot of each field experiment 
in the study to determine flowering time (days to Zadoks stage (ZS)49), 
plant height and grain yield. In brief, heading date was recorded as the 
number of days from sowing to 50% awn emergence above the flag leaf 
(ZS49), as a proxy for flowering time. Plant height was determined by 
estimating the average height from the base to the tip of the head of all 
plants in each plot. Grain yield (kg ha−1) was determined by destructively 
harvesting all plant material from each plot to separate the grain, and 
then determining grain mass. Grain yield data of the field experiments, 
as well as plant height and heading data, were analysed using linear 
mixed models in ASReml-R (https://www.vsni.co.uk/software/asreml-r/) 
to determine best linear unbiased predictions or best linear unbiased 
estimations for each trait for further analysis. Local best practices for 
fertilization and disease control were adopted for each trial site.
Quantitative trait loci (QTL) mapping
Software MapQTL6 was used for the QTL analysis63. The genotypic 
data, phenotypic data and genetic map were formatted and imported 
to MapQTL6. Interval mapping was conducted for each trait, and then 
the markers with a logarithm of odds (LOD) value of above 3.0 were 
selected as cofactors. Multiple QTL model mapping was performed to 
re-calculate the QTL. If the markers with the highest LOD value were 
inconsistent with the cofactor markers, then the new markers were 
selected as cofactors and re-calculated. The QTL results and charts 
were exported from the software.
Long-read sequence assembly of the Morex cultivar
PacBio libraries were constructed using SMRTbell Template Prep Kit 
1.0 and sized on a SAGE Blue Pippin instrument 20–80 kb. Sequenc-
ing was performed on Sequell II device at the HudsonAlpha Institute 
using V.1.0 chemistry and 10-h movie time. Data were generated from 
a total of five SMRT cells, yielding 604 Gb of raw sequence reads. A 
total of 520.72 Gb of this set (104.15×) was used for assembly (Sup-
plementary Tables 11, 12). Previously published Illumina short-read 
data (ERR3183748 and ERR31837496 (Supplementary Table 12)) was 
used for polishing and error correction. Before use, Illumina fragment 
reads were screened for phix contamination. Reads composed of >95% 
simple sequences were removed. Illumina reads shorter than 50 bp 
after trimming for adaptor and quality (q < 20) were removed. The final 
read set consists of 605,178,701 reads, representing a total of 43.17× 
of high-quality Illumina bases. The initial assembly was generated by 
assembling 32,743,478 PacBio reads (104.15× sequence coverage) using 
MECAT (v.1.1)64 and subsequently polished using Arrow65. This produced 
an initial assembly of 1,577 scaffolds (1,577 contigs), with a contig N50 
of 10.4 Mb, 987 scaffolds larger than 100 kb and a total genome size of 
4,139.8 Mb (Supplementary Table 13).
A first round of breaking chimeric scaffolds was done using the POP-
SEQ genetic map19 to identify contigs bearing markers from distant 
genomic regions. A total of 17 misjoins were identified and resolved. 
Homozygous SNPs and indels were corrected in the release consensus 
sequence using a subset of about 30× of the Illumina reads described 
above in this section. Reads were aligned using BWA-MEM66. Homozy-
gous SNPs and indels were discovered with GATK’s UnifiedGenotyper 
tool67. A total of 59 homozygous SNPs and 15,759 homozygous indels 
were corrected. After these correction steps, the assembly contains 
4,139.7 Mb of sequence, consisting of 1,594 contigs with a contig N50 
of 10.2 Mb. A second round of chimaera breaking by inspecting Hi-C 
contact matrices as described in the TRITEX pipeline6. Published Hi-C 
data of the Morex cultivar was used5. Corrected contigs were arranged 
into pseudomolecules using TRITEX.
Comparison of PacBio continuous long read (CLR) and TRITEX 
assemblies of the Morex cultivar
Full-length cDNA sequences44 were aligned to the assemblies to assess 
gene space completeness. Only alignments with query coverage ≥90% 
and identity ≥90% were considered. Whole-genome assemblies were 
done with Minimap2. Structural variant calling with Assemblytics 
(v.1.2.1)26 (Morex TRITEX versus Morex CLR; Morex CLR versus Barke) 
and extraction of single-copy regions were done as described in ‘PAV 
detection and validation’.
Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.
Data availability
All raw sequence data collected in this study and sequence assemblies 
have been deposited at the European Nucleotide Archive (ENA). Acces-
sion codes for raw data and assemblies are listed in Supplementary 
Tables: Supplementary Table 14 (assemblies), Supplementary Table 10 
(assembly raw data), Supplementary Table 4 (whole-genome shotgun 
sequencing), Supplementary Table 5 (Hi-C) and Supplementary Table 9 
(DArT-seq). Assemblies, annotations and analysis results were depos-
ited under a DOI in the PGP repository68 using the e!DAL submission 
system69 and are accessible under the URL https://doi.org/10.5447/
ipk/2020/24. Assemblies and gene annotations can also be downloaded 
from https://barley-pangenome.ipk-gatersleben.de. The Barley Pedi-
gree Catalogue is available at http://genbank.vurv.cz/barley/pedigree/.
Code availability
Source code is released in a public Bitbucket repository, at https://
bitbucket.org/ipk_dg_public/barley_pangenome/.
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Extended Data Fig. 1 | Pan-genome selection in the global barley diversity 
space. PCA with genotyping-by-sequencing data of 19,778 varieties of 
domesticated barley sampled from the gene bank of the IPK9. The first six 
principal components are shown. Samples are coloured to highlight the 
pan-genome selection (first row), or according to geographic origin (second 
row), row type (third row) or annual growth habit (fourth row). The proportion 
of variance explained by the principal components is indicated in the axis 
labels of the first row. The map was created with the R package mapdata54.
Article
Extended Data Fig. 2 | Comparison between long-read and short-read 
assemblies of the Morex cultivar. a, Co-linearity between Morex V2 
(short-read) assembly and the Morex PacBio CLR assembly at the 
pseudomolecule level. b, Summary statistics of the Morex PacBio CLR 
assembly and Morex V2 assembly. c, Alignment of NUDUM locus (16 kb) 
between Morex PacBio CLR and Morex V2. d, Structural variants between 
Morex V2 and Morex PacBio CLR assemblies as detected and classified by 
Assemblytics. e, PAVs between Barke and the Morex V2 and Morex CLR 
assemblies.
Extended Data Fig. 3 | Assessment of contiguity and completeness in 
20 genome assemblies. a, Whole-genome alignments of assemblies of 
19 diverse barley accessions to the Morex V2 reference assembly. b, Alignment 
summary of full-length coding sequences (32,878) from the MorexV2 
annotation and full-length cDNAs (28,622 full-length cDNAs) in each assembly. 
Alignments with less than 90% query coverage and 97% (less than 90% for 
full-length cDNAs) identity were discarded. c, Whole-genome alignments show 
some examples of large chromosomal inversions identified using Hi-C data.
Article
Extended Data Fig. 4 | Pairwise shared syntenic full-length LTR locations. 
The wild variety B1K-04-12 is set apart as an outgroup, as it shares only 19–26% 
of its still-intact full-length LTR positions with the other landraces and 
cultivars. The highest similarity is found between the Barke and RGT Planet 
cultivars (67% shared full-length LTRs).
Extended Data Fig. 5 | Gene projection and transposable element 
annotation. a, Schematic of the gene projection workflow. TE, transposable 
element. b, Pipeline for annotation and removing transposable elements.  
c, Steps to identify tandemly arrayed gene (TAG) clusters in each assembly.  
d, Summary of gene projections and transposable element annotation in 
20 accessions. e, Comparison between de novo annotations and gene 
projections for three genotypes. Reported counts refer to 
non-transposable-element genes.
Article
Extended Data Fig. 6 | Summary of PAVs detected in pan-genome 
assemblies. a, Size distribution of PAVs. b, Number of PAVs between 
20 genome assemblies. c, Distribution of PAVs along the barley genome.  
d, Co-linearity between physical position of PAVs detected between the Morex 
and Barke cultivars, and mapped genetically in the POPSEQ population.
Extended Data Fig. 7 | Analysis of the single-copy pan-genome. a, Pipeline 
used to select single-copy k-mers in PAVs as markers for genome-wide 
association scan analysis. b, Summary of single-copy sequence in 20 genome 
assemblies and results of their clustering. c, Copy number of single-copy 
sequences in a diversity panel comprising 200 domesticated and 100 wild 
accessions. Frequency ranges from blue (low) to red (high). d–g, Comparison 
of PCA on the basis of PAV and SNP variants in whole-genome shotgun data of 
200 diverse accessions (d, e) and 19,778 varieties of domesticated barley9 (f, g). 
Top panels show PCA results from 160,716 PAVs; bottom panels show PCA 
results from 779,503 of genotyping-by-sequencing SNPs. The accessions are 
coloured according to geographical origin and row type (using the colour code 
defined in Extended Data Fig. 1).
Article
Extended Data Fig. 8 | PAV-based genome-wide association scans using 
whole-genome shotgun and genotyping-by-sequencing data. a, Manhattan 
plots of PAV-based genome-wide association scans for morphological traits, 
including adherence of grain hull, row type, length of rachilla hairs and awn 
roughness, using whole-genome shotgun data from 200 diverse varieties of 
domesticated barley. b, PAV-based genome-wide association scan results for 
these traits using genotyping-by-sequencing data from 1,000 diverse varieties 
of domesticated barley collected from the gene bank of the IPK9. The 200 
varieties of barley used for whole-genome shotgun sequencing are a subset of 
the 1,000 genotyping-by-sequencing genotypes.
Extended Data Fig. 9 | Characterization of large inversions in barley.  
a, Inversion size distribution. b, Recombination in inverted regions. 
Recombination rate was determined in the Morex × Barke RIL population19 
(n = 90 genotypes). c, Number of inversions present as singletons or shared 
between two or more accessions on each chromosome.
Article
Extended Data Table 1 | Summary statistics of 20 pan-genome assemblies and annotation
#Chromosomes 1H to 7H. 
§Non-transposable element models or transposable-element filtered.
 
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